The relationship between intracranial pressure (ICP) and the development of vasospasm after subarachnoid hemorrhage caused by the rupture of an intracranial aneurysm was investigated. Eleven patients were divided into high (6 cases) and low (5 cases) ICP groups based on ICP data obtained during the perioperative period by continuous ICP monitoring. Transcranial Doppler ultrasonography was per formed every 24 hours for 7 days and the severity, distribution, and duration of vasospasm were as sessed. The high ICP group tended to have severe, prolonged, and diffuse vasospasm compared with the low ICP group. However, only duration of vasospasm was statistically different. The relationship be tween cerebral perfusion pressure (CPP) and the development of vasospasm was also examined. CPP had a less significant effect than ICP although similar tendencies for high ICP and low CPP were ob served. High ICP worsens vasospasm and treatment for decreasing ICP with perioperative ICP monitor ing has potential for avoiding the development of vasospasm.
Introduction
Although the outcome of patients with aneurysmal subarachnoid hemorrhage (SAH) has been improved with acute microsurgical surgery and the use of nimodipine,1,15,17) delayed ischemic deficits after the onset of vasospasm are still a major problem. 12, 13, 15) There are a considerable number of factors which in fluence vasospasm, including age,5,22°25) the amount of blood observed on the initial computed tomography (CT) scan, 11,2') and preoperative grade. 10,22,25) Although measuring intracranial pressure (ICP) has become a standard technique for patients who suffer from increasing ICP,6,21) the effect of ICP on the development of vasospasm has not been reported, with the exception of the relationship be tween ICP and traumatic SAH.30) This study ana lyzed the relationship between ICP and the develop ment of vasospasm in patients with aneurysmal SAH.
Subjects and Methods
Twenty-three patients were admitted to the Neu rosurgical Service at Harborview Medical Center for SAH due to intracerebral aneurysmal rupture confirmed by cerebral angiography between January 1, 1997 and March 31, 1997. Eleven patients, four males and seven females aged 23 to 66 years (mean 47.5 years), who underwent surgical clipping of the aneurysm within 72 hours after the onset of SAH were entered into this study (Table 1) . The aneurysms were located as follows: five on the an terior communicating artery, three on the middle cerebral artery (MCA), one at the basilar tip, one at the bifurcation of the vertebral artery (VA) and the posterior inferior cerebellar artery, and one at the bi furcation of the basilar artery (BA) and the superior cerebellar artery. ICP was measured continuously using a Camino OLM ICP monitoring kit (Camino Laboratories, San Diego, Calif., U.S.A.). The device was inserted preoperatively in all patients with the exception of Case 4 with the symptom of grade I, in whom the device was placed immediately after aneurysm clip ping. ICP monitor calibration was performed more than once a day. The ICP monitor usually remained in place for more than 7 days following surgery, and until the vasospasm diagnosis with transcranial Doppler (TCD) ultrasonography improved to at least mild. Two patients continuously revealed no vasospasm in any arteries, were alert and totally ori entated, with no focal deficits observed for 5 days following surgery. In these patients, the ICP monitor was removed earlier to start physical therapy out of bed. The mean ICP over 6 hours prior to aneurysm clipping was used as the preoperative ICP. Postop erative ICP was recorded every hour and the mean ICP during every 6 hour period was calculated.
II.
TCD ultrasonography TCD was performed daily in these patients to de tect vasospasm. Details of this technique have al ready been reported.") Flow velocities were record ed from the main trunk of the MCA (M1 segment), proximal branches of the MCA (M2 segment), caver nous and terminal portions of the internal carotid artery (ICA), precommunicating segment of the an terior cerebral artery (ACA A, segment), precom municating segment of the posterior cerebral artery (PCA P, segment), proximal postcommunicating seg ment of the PCA (P2), the BA, and the VA. In order to calculate the Lindegaard ratio, 161 flow velocity was measured in the retromandibular extracranial ICA.
For evaluation of the MCA and ICA, time averaged maximum velocities (TAMV) of 120 cm/sec or more was considered as mild vasospasm, 150 cm/sec or more as moderate vasospasm, and velocities of 200 cm/sec or greater as severe vasospasm. The Lindegaard ratio was also used. A value of less than 3.0 indicated no vasospasm, a ratio of 3.0-5.9 indicated mild to moderate vasospasm, and a ratio of 6.0 or more indicated severe vasospasm. Patients with SAH usually had a Camino ICP moni tor inserted into the subdural space at the time of ad mission. If significant hydrocephalus or a high ICP was observed, a ventriculostomy was performed be fore cerebral angiography. Cerebral angiography was done within one day of admission and craniotomy with aneurysm clipping was performed within 72 hours after the onset of SAH. Postopera tive management included nimodipine, 240 mg/day for 3 weeks. Central venous pressure was measured and maintained at more than 8 cmH2O by administer ing 500 ml of 5% albumin bolus if necessary. Cerebral perfusion pressure (CPP) was kept at 70 mmHg or greater by use of a dopamine drip. If ICP exceeded 20 mmHg, a 2 g/kg mannitol drip was used every 6 hours and hyperventilation was also started. If this protocol did not work well, the ventricular drainage set at 10 cm above the external auditory meatus was lowered to the same height. Patients might undergo ventriculostomy at that time, if not performed before. During follow-up with TCD, cerebral angiography was performed for the diagno sis of severe vasospasm.
IV. Statistical analysis
To analyze the relationship between ICP and the development of vasospasm, the 11 patients were divided into two groups: six patients with ICP ex ceeding 20 mmHg more than once (high ICP group) and five patients with ICP continuously lower than 20 mmHg (low ICP group) ( Table 2 ). To analyze the relationship between CPP and the development of vasospasm, the patients were again divided into two groups: six patients with CPP less than 70 mmHg (low CPP group) and five with CPP more than 70 mmHg continuously (high CPP group) ( Table 3 ). The ICP and CPP groups were compared, showing two patients had high ICP and high CPP, four had high ICP and low CPP, three had low ICP and high CPP, and two had low ICP and low CPP. 
Results
Overall changes in ICP are seen in Fig. 1 . Table 2 shows the difference between the high ICP and the low ICP groups. Severe vasospasm was observed in only three patients in the high ICP group. Four patients had moderate vasospasm lasting more than 6 days in the high ICP group. There were no such cases in the low ICP group. A statistically significant difference was observed relative to the duration of vasospasm (p = 0.045). Five of six patients in the high ICP group were affected by vasospasm in all three areas, but only one of five patients in the low ICP group.
The differences between the low CPP group and the high CPP group show the tendency for the low CPP group to have severe, prolonged, and diffuse vasospasm, but no statistical significance was ob tained (Table 3 ).
The treatment protocol for lowering ICP was suc cessful and ICP decreased to less than 20 mmHg within one day. In Case 3, the ventriculostomy was performed on the 3rd day after the clipping and was effective to decrease ICP. Three patients with severe vasospasm diagnosed by TCD (Cases 3, 5, 6) had cerebral angiography on the same day, and the presence of vasospasm was confirmed. Two patients (Cases 3, 5) developed progression of neurological deficits consistent with the vasospasm area after the There are a considerable number of factors that in crease ICP following aneurysmal SAH. First, the nor mal flow of cerebrospinal fluid (CSF) is disrupted by the presence of blood clot and obstruction occurs, resulting in increased ICP.4) In our patients, a ven triculostomy was performed if the head CT revealed hydrocephalus. However, in some patients with per turbation of CSF, hydrocephalus may not be evident on CT and these patients may also have elevated ICP.9) Even after ventriculostomy, ICP cannot al ways be well controlled.',') In our series, three of six patients in the high ICP group underwent preopera tive ventriculostomy.
This failure to control ICP may due to several factors. Disruption of the blood arterial wall barrier may result in vasogenic edema and raised ICP.24) Vasoparalysis, observed with CSF acidosis,") may cause high ICP due to the resultant hyperemia. Finally, neurochemical effects following SAH, including atrial natriuretic factor increase,) which are involved in increased ICP. It is important to understand that all of these predisposing factors, presence of blood clot, blood-arterial wall barrier disruption, CSF acidosis, and neurochemical sub stances, can also cause vasospasm without an in crease in ICP. On the contrary, there is some evi dence that increased ICP can be the direct cause of vasospasm. A significant association was found be tween high ICP and systemic hypovolemia due to the increase in sympathetic activity, which in creases the incidence of cerebral ischemia. 
